Oxygenases are of growing interest for biotechnological applications (5, 38) . These oxidative biocatalysts are able to insert one or two oxygen atoms into a substrate molecule. In order to do so, they usually need NAD(P)H as an electron donating coenzyme, while a metal or organic cofactor is required for oxygen functionalization. A feature that makes these biocatalysts of special interest is their ability to perform oxygenations in a chemo-, regio-, and/or enantioselective manner (13, 38) . Often, selectivities are observed that cannot be rivaled by chemical approaches. Due to their selectivity and ability to use oxygen as a cheap and environmentally friendly oxidant, oxygenases form an important class of enzymes which can be applied for the biocatalytic oxidation of several compounds. The need for expensive coenzymes is no longer considered a hurdle for such industrial applications, since biocatalytic systems employing whole cells can be used which circumvent expensive coenzyme regeneration procedures (36) .
Oxygenases are found in all kingdoms of life but especially in bacteria. Their physiological role is often related to degradation of toxic compounds or the synthesis of secondary metabolites (40) . The classical approach to finding novel oxygenases with biocatalytic potential is therefore to screen for organisms which are able to grow on toxic compounds, like aromatics, or to use cultures which are enriched with these kinds of compounds. However, this method only focuses on the culturable portion of organisms which contain putative oxygenases, and it is estimated that more than 99% of all microbes are not cultivable (1) and therefore not accessible as a source for finding novel biocatalysts. With the development of methods for the construction of environmental DNA libraries, this has changed, and now several examples exist of novel biocatalytically relevant enzymes originating from the metagenome (16, 22, 24, 44) . Among these newly discovered enzymes, oxygenases are relatively rare. Lorenz and coworkers described finding some oxygenase-encoding genes without exploring their activities (25) . A putative monooxygenase involved in the biosynthesis of (deoxy)violacein has been identified from an environmental DNA cosmid library (4) , and recently a putative indole oxygenase from a forest soil metagenome has been reported (23) .
It is known that several types of oxygenases, once expressed in Escherichia coli, are able to produce the blue pigment indigo (6, 9, 10, 28, 30) . The formation of indigo occurs via the oxidation of indole, which is formed from tryptophan by the endogenous E. coli enzyme tryptophanase (10) . So, the ability to produce indigo is related to oxygenase activity and therefore enables screening for novel oxygenases from metagenomic libraries using E. coli as a host organism.
In this paper we describe the discovery of a novel styrene monooxygenase from the metagenome by its ability to form indigo in E. coli and show that it is able to perform highly enantioselective epoxidation and sulfoxidation reactions.
MATERIALS AND METHODS
Chemicals. Alkenes were from Acros and Lancaster. Styrene oxide (racemic), (S)-styrene oxide, (R)-m-chlorostyrene oxide, methyl phenyl sulfide, methyl ptolyl sulfide, methyl phenyl sulfoxide (racemic), methyl p-tolyl sulfoxide (racemic), (R)-methyl p-tolyl sulfoxide, and ethyl phenyl sulfide were from Aldrich. Ethyl phenyl sulfide was from Fluka. o-chloro-, m-chloro, and p-chlorostyrene oxide were synthesized in our laboratory as described previously (27) . Flavin adenine dinucleotide (FAD) was obtained from Acros, and NADH was from Sigma. Isopropyl-␤-D-thiogalactopyranoside (IPTG) and dithiothreitol (DTT) were from Roche. Restriction enzymes were from New England Biolabs. Formate dehydrogenase from Candida boidinii and catalase were from Fluka. Flavin reductase (phenol hydroxylase component 2 [PheA2]) was a gift from W. J. H. van Berkel, Wageningen University, Wageningen, The Netherlands. Phenylacetone monooxygenase was obtained as described before (14) . All other chemicals were of a commercially available grade. Oligonucleotides were from SigmaAldrich. One-Shot electrocompetent E. coli TOP10 cells and the TOPO TA cloning kit were purchased from Invitrogen. Plasmids were isolated using the QIAGEN DNA purification kit. Constructs were sequenced at GATC Biotech (Germany).
Construction and screening of the metagenomic library. The metagenomic library was constructed from environmental DNA isolated from loam soil using a direct isolation protocol as described before (15) . The library (DirL) consisted of 80,000 clones with an average insert size of 5.5 kb and had been constructed in the pZerO-2 vector. It was freshly transformed to electrocompetent E. coli TOP 10 cells (Invitrogen) and plated on LB agar plates containing 50 g/ml kanamycin. IPTG (0.4 mM) was added to induce expression of genes which are dependent on the lac promoter (17) . A total of approximately 65,000 colonies were plated this way. The plates were incubated at 30°C for 2 days and were subsequently screened for colonies which were able to produce the blue pigment indigo by visual inspection. From clones producing indigo, the plasmid was isolated and freshly transformed to E. coli cells to confirm that indigo formation was coupled to the particular plasmid. Subsequently, these plasmids were subjected to restriction analysis with EcoRI to identify the uniqueness of the clone. Unique clones were sequenced to identify the inserted fragment of metagenomic DNA.
Sequence and phylogenetic analysis. Open reading frames (ORFs) were identified using the ORF Finder tool of the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov/gorf/gorf.html). BLAST searches were performed using the BLAST function at the NCBI website (http://www.ncbi.nlm.nih .gov/BLAST/), using the available DNA databases (including those from environmental samples). All identified homologs were aligned using the ClustalW program and were represented as an unrooted phylogenetic tree using TreeView.
Cloning of the styrene monooxygenase gene. The gene encoding SmoA was amplified from the plasmid carrying the fragment of environmental DNA (pZerO-2-DirL1) using primers based on the gene sequences of homologs from Pseudomonas species and to introduce NdeI and HindIII restriction sites for cloning in the pBAD vector. Therefore, the following primers were used: smoA_fw (5Ј-TC TCTCATATGAGACGGCGCATCGGGAT; the NdeI site is shown in italics) and smoA_rv (5Ј-CGAAGCTTTCACGCCGTGGCCCGCACCGG; the HindIII site is shown in italics). The amplified gene was isolated from the gel, purified, and ligated in the pCR4-TOPO vector using the TOPO TA cloning kit. Subsequently, the TOPO vector carrying the smoA gene (pCR4-TOPOsmoA) was restricted with NdeI and HindIII, and the smoA gene was ligated in the NdeI/ HindIII-digested pBAD vector behind the araBAD promoter. The pBAD vector carrying the smoA gene (psmoA) was transformed to E. coli TOP10 and E. coli MC1061 in order to obtain overexpression of the SmoA protein. Expression of SmoA was tested in both strains at 17, 30 , and 37°C at concentrations of Larabinose ranging from 0.00002 to 0.2% (wt/vol), but overexpression of SmoA failed, as judged by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) analysis (data not shown). However, since formation of indigo was observed during these experiments, active SmoA was expressed to a limited level.
Preparation of cell extract. In order to obtain cell extract of cells producing SmoA, E. coli TOP10 cells containing the plasmid psmoA were grown at 30°C in 500 ml of Luria-Bertani medium containing 50 g ml Ϫ1 ampicillin and 0.02% (wt/vol) arabinose. The cells were harvested at an A 600 of 1.6, centrifuged, and resuspended in 20 ml 20 mM Tris-HCl pH 7.5 containing 1 mM DTT, 1 mM MgCl 2 , and 10% (vol/vol) glycerol. The cells were disrupted by sonication, and the extract was centrifuged. The supernatant was distributed in aliquots of 1 ml and immediately stored at Ϫ20°C until further usage.
Reaction conditions for SmoA-catalyzed conversions. In order to identify substrates for SmoA, an in vitro assay based on a previously described procedure (20) was used, employing FAD reductase and formate dehydrogenase, ensuring regeneration of NADH and reduced FAD. All reactions were carried out in pyrex tubes in a total volume of 2 ml of a 20 mM Tris-HCl buffer pH 7.5 containing 1 mM DTT and 5% (vol/vol) glycerol. The reaction mixture contained 2 mM substrate, 50 M FAD, 50 M NADH, 1,500 U catalase (to prevent enzyme inactivation caused by H 2 O 2 , formed in uncoupling reactions), 0.5 U formate dehydrogenase, 150 mM sodium formate, 1.3 M PheA2, and 0.29 mg/ml of the SmoA-containing cell extract (E. coli pBADSmoA). Controls were performed without the cell extract. The reaction was started by the addition of NADH, and the tubes were incubated at 30°C at 200 rpm. After 7 or 16 h, the reaction mixture was extracted with an equal volume of diethyl ether containing mesitylene as an internal standard. The organic phase was subsequently dried over MgSO 4 for gas chromatograph (GC) analysis. For o-chlorostyrene oxide and p-chlorostyrene oxide, the absolute configurations were determined by comparison with previously determined values in our lab (27) by applying identical GC methods using the same column.
For analysis of the SmoA-catalyzed sulfoxidation reactions, the following temperature program was used: 150°C to 170°C with 10°C min Ϫ1 , 17 min at 170°C, and from 170°C to 150°C with 10°C min Ϫ1 . For methyl phenyl sulfide conversion, the retention times were 3.2, 7.8, and 10.6 min for the remaining substrate and the (R)-and (S)-sulfoxides, respectively. The absolute configuration of these sulfoxides was determined by a parallel experiment with phenylacetone monooxygenase, which catalyzes the enantioselective sulfoxidation of methyl phenyl sulfide and yields an excess of the (R)-sulfoxide (7, 8) . For ethyl phenyl sulfide conversion, the retention times were 3.3, 8.7, and 11.1 min for the remaining substrate and the (R)-and (S)-sulfoxides, respectively. The absolute configuration of the ethyl phenyl sulfoxide was determined by a comparison with a parallel experiment which involved the enantioselective sulfoxidation reaction catalyzed by phenylacetone monooxygenase in the presence of 30% methanol. This reaction is known to selectively produce the (R)-sulfoxide (8) . For methyl p-tolyl sulfide conversion, the retention times were 3.5, 9.6, and 10.3 min for the remaining substrate and the (R)-and (S)-sulfoxides, respectively. The absolute configuration was determined by comparison with commercially available (R)-methyl p-tolyl sulfoxide.
Nucleotide sequence accession number. The environmental sequence reported in this study has been deposited in GenBank under accession number EF660561.
RESULTS
Enzyme discovery. For this study a metagenomic library was used that was constructed previously using loam soil (15) . Out of approximately 65,000 colonies, two clones were identified by their bright blue color. From these clones, the plasmids were isolated and subjected to restriction analysis by digestion with EcoRI. The two plasmids showed an identical restriction pattern, indicating that they were identical clones, which is possible since the metagenomic library was amplified prior to screening. When the isolated plasmid DNA was transformed to fresh E. coli TOP10 cells, all colonies turned blue again, indicating that the color formation was coupled to the isolated plasmid. Cultivation in liquid medium also resulted in a blue medium.
Sequencing the plasmid of clone 1 revealed an inserted fragment of metagenomic DNA of 3,874 bp. Five open reading frames (ORF1 to ORF5) could be identified on the fragment, from which one was truncated (ORF5) ( Table 1 ). The protein sequences of the identified open reading frames were used for a BLAST search in order to find homologs. The products of ORF1 and ORF2 showed highest sequence identities with a putative FAD-dependent oxidoreductase and a putative flavinreducing protein, respectively, from Rhodopseudomonas palustris HaA2. When we looked for homologs with known functions, it was found that the products of ORF1 and ORF2 share (3, 18, 31, 35, 43) . These styrene monooxygenases are of equal size (415 residues), displaying highly similar sequence identities among each other of 94 to 99%, and can be regarded as isoforms. From the currently completely sequenced bacterial genomes (720), only a minority (28) contains one or more SmoA homologs. In particular, the genome of Nocardia farcinica is rich in these monooxygenases, as it contains six representatives. No homologs were found in sequenced genomes from archaea and eukaryotes, while only one homolog (25% sequence identity) was found in the sequenced metagenome from the Sargasso Sea. This suggests that SmoA is a member of a relatively small family of bacterial monooxygenases. While at present hundreds of bacterial cytochrome P450 monooxygenases and Baeyer-Villiger monooxygenases have been identified in all sequenced bacterial genomes, we could only find 44 sequences belonging to this newly recognized family of monooxygenases. SmoA is most related to two putative monooxygenases from R. palustris HaA2 and Bradyrhizobium sp. strain BTAi1.
All identified homologs were aligned using ClustalW, which resulted in an unrooted phylogenetic tree of (putative) monooxygenases (Fig. 1 ). An alignment of a selected number of homologs shows the presence of several common sequence motifs, indicating that the N-terminal part of these monooxygenases forms a dinucleotide-binding domain (Fig. 2) (39) . This is in line with the fact that StyA from Pseudomonas putida VLB120 has been shown to be FAD dependent. All homologs are similar in length and display sequence similarity throughout their sequence, suggesting that these monooxygenases share a common fold. A weak sequence similarity with FADcontaining aromatic hydroxylases suggests that styrene monooxygenases and their homologs will resemble to a limited extent the structure of, for example, 4-hydroxybenzoate hydroxylase (41), which has been confirmed by the recently published model structure of StyA (11) . Of all homologs, only StyAB from P. putida VLB120 and Pseudomonas putida S12 has recently been heterologously expressed and characterized (21, 34) . Of the other homologs, the corresponding activity has not yet been determined. However, it is interesting that P302 and T47, which have been suggested as catalytically important residues (11), are highly conserved. This could be an indication that in fact all of the identified homologs can catalyze epoxidation reactions. SmoA shows 50% sequence identity with the group of closely related (Ն94% identity) styrene monooxygenases from Pseudomonas species for which activity has been experimentally confirmed. The branches in thick lines contain those sequences for which a putative reductase component has been identified in close proximity to the oxygenase-encoding gene in the respective genome. Two monooxygenases contain a fused reductase domain, indicated by an asterisk. The sequences that are underlined were used for the multiple sequence alignment shown in Fig. 2 .
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The protein sequence of SmoB shows homology with other flavin reductases. The highest sequence identities (62 to 47%) are found with the flavin reductases from Pseudomonas species, R. palustris HaA2, and Bradyrhizobium sp. strain BTAi1. The genes which encode these reductases are all in close proximity on the respective genomes to the genes encoding the (putative) monooxygenases, which indicates that these (putative) monooxygenases are indeed two-component flavin-dependent monooxygenases (class E flavoprotein monooxygenases) (41) . SmoB also shows 38% sequence identity with PheA2 from Bacillus thermoglucosidasius, for which a crystal structure has been determined (42) . This enabled us to construct a structural model of the SmoB using the CHPmodels 2.0 server (data not shown). This model nicely shows that the model structure of SmoB is highly identical with that of PheA2, as both the FAD cofactor-binding site and the NADH coenzyme/FAD substrate-binding groove are conserved. Besides FAD, PheA2 can also reduce FMN and riboflavin. Experiments with the cell extract of the original clone from the metagenomic library, encoding both SmoA and SmoB, showed only conversion of styrene into styrene oxide when we added FAD. Without FAD or with addition of FMN or riboflavin, no styrene conversion was observed. This indicates that, while SmoB may form reduced riboflavin or FMN, SmoA, like StyA from Pseudomonas, is strictly dependent on reduced FAD.
Epoxidations catalyzed by SmoA. To investigate if SmoA can catalyze epoxidation reactions, like StyA from P. putida isolates, styrene and styrene derivatives were tested as substrates using cell extract. It was found that SmoA was active with styrene and several other substituted aromatic alkenes ( Table 2) . As the enzyme readily accepts styrene as a substrate, it indeed can be called a styrene monooxygenase. The linear alkene, 1-octene, and the cyclic alkenes, cyclohexene and vinylcyclohexane, were not converted by SmoA. Since the styrene monooxygenases from pseudomonads are known to be enantioselective enzymes (29) , we also tested the enantioselectivity of SmoA for several compounds. This revealed that SmoA is also highly enantioselective, since it is able to convert aromatic alkenes into the (S)-epoxides with an excellent enantiomeric excess ( Table 2 ). The enantioselectivity of SmoA is similar to that of StyA from P. putida VLB120. The latter selectively produces the (S)-epoxides of styrene, (39) . SmoA, the styrene monooxygenase described in this study; Pseudom, styrene monooxygenase subunit from Pseudomonas sp. strain Y2; Dechloro, a putative monooxygenase from Dechloromonas aromatica RCB; Sargasso, a putative monooxygenase identified in the sequence metagenome from the Sargasso Sea (see Fig. 1 for sequence identifiers). The conserved proline (P) and threonine/serine (T/S) which have recently been identified as catalytically important residues in a model structure of StyA (11) (20, 37) . However, the enantioselective formation of (S)-o-chlorostyrene oxide has not been described for StyA. Sulfoxidations catalyzed by SmoA. For StyA from P. putida VLB120, it has been reported that it can catalyze sulfoxidation reactions, but with poor enantioselectivity (20) . To probe whether SmoA is also able to catalyze sulfoxidation reactions, we tested several aromatic sulfides. All of them were found to be substrates for SmoA and were enantioselectively oxidized to the (R)-sulfoxides with good to excellent ee ( Table 2 ). The best enantioselectivity was observed with ethyl phenyl sulfide, which yielded the (R)-ethyl phenyl sulfoxide with 92% ee. For StyA, only very low enantioselectivity for sulfoxidation of aromatic sulfides has been reported (e.g., StyA-mediated conversion of ethyl phenyl sulfide resulted in only 13% ee for the corresponding sulfoxide) (20) .
DISCUSSION
By screening a metagenomic library from loam soil (65,000 clones), we have identified a clone expressing monooxygenase activity by its ability to form indigo. This confirms the general trend that the discovery of novel oxygenases from the metagenome is not straightforward. Some examples exist of metagenome-derived oxygenases; however, the success rate (the number of positives divided by the library size) is relatively low. For instance, Lorenz et al. found five oxygenases out of a library of 3,600,000 clones with an average insert size of 7 kb (25) . This low yield of novel oxygenases can be explained by a number of different factors. Oxygenases typically occur in organisms which are involved in the aerobic degradation of toxic or complex compounds, limiting the number of oxygenase-rich microbes. Furthermore, oxygenases are complex enzymes: they are often unstable, are coenzyme dependent, can consist of several components, and are often membrane bound (40) . The success rate of finding oxygenases is also dependent on the screening strategy used. This includes the library construction (source of DNA, number of clones, and average insert size of metagenomic DNA) and the choice of host organism. Genes encoding oxygenases have to be expressed in sufficient quantities, and the expressed enzyme should be stable and active enough to detect the particular clone by its enzyme activity. Also, the product should be nontoxic for the expression host.
SmoA displays only moderate sequence identity with the styrene monooxygenase from pseudomonads (StyA). Like StyA, it catalyzes the enantioselective epoxidation of styrene and styrene-like compounds, resulting in the formation of the (S)-epoxides with excellent enantiomeric excess. For StyA, it has been reported that it can also catalyze sulfoxidation reactions, but with low enantioselectivity (20) . In contrast to StyA, SmoA is highly enantioselective in the formation of aromatic sulfoxides, which are important synthons for enantiopure pharmaceuticals (12) . For SmoA-catalyzed conversion of styrene, (Table 2 ). This activity is in the same range as what has been described for purified recombinant StyA (2.1 U mg Ϫ1 ) (34) . Therefore SmoA can be regarded as a possible alternative biocatalyst for asymmetric synthesis of both epoxides and sulfoxides.
The organism from which we have isolated the SmoA-encoding DNA fragment appears to be closely related to R. palustris HaA2 and Bradyrhizobium sp. strain BTAi1, two bacteria for which the genome has been sequenced. Both organisms contain genes encoding putative 3-oxoadipate transferase subunits as well as genes encoding putative two-component styrene monooxygenases which show high sequence identity with the uncovered metagenomic genes. So far, all described two-component styrene monooxygenases originated from pseudomonads and have been shown to be part of an operon (styABCD) which encodes aerobic styrene degradation by side chain oxidation (32) . The smoAB genes and homologs in R. palustris HaA2 and Bradyrhizobium sp. strain BTAi1 are not part of such an operon. Also, no clear homologs of the styC and styD genes can be found in either microbe. Unfortunately, of all presently known SmoA homologs (Fig. 1) , no three-dimensional structure is known. Only for the representatives from Pseudomonas species has it been confirmed that they are primarily active with styrene. Therefore, the physiological substrate of SmoA is unknown. The absence of the styABCD-type operon in the metagenome DNA fragment and the observed activity and good enantioselectivity for aromatic sulfides suggest that SmoA could also have a different metabolic function than the enzymes from pseudomonads.
The interaction between the monooxygenase component and the flavin reductase component of StyAB and other twocomponent monooxygenases has been a subject of discussion for quite some time now (26, 33) . Kantz et al. have recently suggested a model in which the flavin cosubstrate is able to shuttle between StyA and StyB, during which the adenine part of the FAD coenzyme stays bound to the monooxygenase component (21) . However, it has also been shown that StyA does not need StyB in order to be active (19) . Using cell extracts, we have also observed that SmoA is able to convert styrene in the absence of SmoB. Apparently, no specific interaction between SmoA and SmoB is required for activity. As E. coli also contains enzymes able to form reduced flavins, expression of only SmoA is sufficient to obtain styrene epoxidation activity. Nevertheless, it is worth noting that for most of the putative epoxide-forming monooxygenase genes that we have identified (Fig. 1) , a reductase gene is found next or close to the monooxygenase gene on the respective genome. Also, the phylogenetic tree representation of the putative reductase components is similar to that of the corresponding monooxygenase components (data not shown). This indicates that the genes encoding these two components have evolved together and suggests that the combined expression of such a monooxygenase and a reductase is beneficial for enzyme functioning. Interestingly, the most intimate interaction between a SmoAlike monooxygenase and a reductase component has been observed for two newly sequenced genes from Arthrobacter aurescens and Nocardia farcinia: in both genomes a gene was found in which the two components are fused at the genetic level (Fig. 1) .
